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Abstract: 

We present an estimate of a chiral-odd contribution to the single transverse spin asymmetry 
in the large-p^ pion production in the nucleon-nucleon coUision. In this contribution the 
transversity distribution and the chiral-odd spin-independent twist-3 distribution appear. 
Because of the smallness of the corresponding hard cross section, this term turned out to 
be negligible in all kinematic regions compared with the chiral-even contribution. 
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Single transverse spin asymmetries for the pion production with large transverse mo- 
mentum in pp collision 

N'{P',S^) + N{P)^n{i)+X, (1) 

have been receiving great attention in particular, after the FNAL E704 data showed 

a large asymmetry ^ . Ongoing experiment at RHIC is expected to provide more data 
on the asymmetry. The process probes particular quark-gluon correlations (higher twist 
effect) ll], ^ ^ 3 in the nucleon not included in the twist-2 parton densities. According to 
the generalized QCD factorization theorem |TD| , the polarized cross section for this process 



consists of three types of twist-3 contributions: 

(A) Gaix[,x'^) (g) Qbix) ® D^^^{z) (g) aab^c. (2) 

(B) 5qa{x') ® Eh{xi,X2) ® D,^^{z) ® a^^,^^, (3) 

(C) Sqaix') ® Qbix) ® D^H^izi, Z2) ® a^',^,. (4) 

Here the functions Ga(x']^,X2), Eb{xi,X2) and D^Xwi^i^ ^2) are the twist-3 quantities repre- 
senting, respectively, the transversely polarized distribution, the unpolarized distribution, 
and the fragmentation function for the pion, and a, b and c stand for the parton's species. 
Other functions are twist-2; qb{x) the unpolarized distribution (quark or gluon) and Sqa{x) 
the transversity distribution, etc. The symbol ® denotes convolution, aab^c etc represents 
the partonic cross section for the process a + 6 — ^ c + anything which yields large transverse 
momentum of the parton c. Note that 5qai and D^^X^ are chiral-odd, and (B) and (C) 
contain two chiral-odd functions. 

Qiu and Sterman presented a first systematic QCD analysis on the chiral-even contri- 
bution (A). They showed that at large xp, i.e., pion production in the forward direction with 
respect to the polarized nucleon beam which mainly probes large x' and small x region, the 
cross section is dominated by the particular terms in (A) which contain the derivatives of the 
valence twist-3 distribution Gpaix' , x'). The main reason for this observation is the relation 
\^GFa{,x\x')\ > Gpaix'^x') owiug to the behavior of Gpaix'^x') ~ (1 - x')^ {/3 > 0) at 
x' — >■ 1. Keeping only those terms {valence quark-soft gluon approximation) together with a 
moderate model assumption for Gpa, they reproduced the rising behavior of the E704 data 
toward xp 1 reasonablly well. In a recent paper [0, we extended the analysis to one of 
the chiral-odd contribution ((B) term) and presented a cross section formula in this valence 
qaurk-soft gluon approximation. We also discussed a possibility that this term could be a 
large source of the asymmetry at large negative xp in parallel with the argument for the 
chiral-even contribution. In this report, we shall present an actual estimate of the chiral-odd 
contribution (B) in comparison with the chiral-even one (A). We will see that unlike the 
previous expectation the chiral-odd one derived in is negligible in all kinematic range due 
to the smallness of the hard cross section, even though the derivative brings an enhancement 
to Eb^x, x). 
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The polarized cross section for (|I]) is a function of three independent variables, S 
P + P'f ~ 2P-P', XF = 2iii/VS (= iT-U)/S below), and xt = UtI^. T = {P'-£f 
-2P' ■ i and U = {P — i)"^ —2P ■ i are given in terms of these three variables by T 

/2 and U = -S 



-S 



Ob ^ ~|~ X-p X ^ 



x'p + Xt + Xf 



/2. In this convention, production 
lemisphere in the direction of the polarized nucleon 



of the pion in the forward (backward) 

corresponds to > {xf < 0). Since — 1 < Xi;' < 1, < xt < 1 and \Jx'p + Xj^ < 1, 
Xf ^ corresponds to the region with —U^S and T ~ 0, and Xi? ^ — 1 corresponds to 
the region with — T ~ 5* and f/ ~ 0. 

In the valence quark-soft gluon approximation, the cross section formula for (A) and (B) 
terms read, respectively [^, 



E., 



dp 



S 



E 



-U 



1 dz 



1 dx' 



x' - x' x'S + U/z Jo X 

mm I 



1 dx 



5 X + 



x'T/z 
x'S + U/z^ 
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dx 



-X 



-GFa{x',x') 



G{x)Aaag^c + J2 Qbix)Aaab- 

b 



(5) 



di^ 



s 



1 dx 



1 



a,b,c 



-t 



-x—EFb{x,x) 



X xS + T/zJo x' 



5qa{x')5aab^c, 



^dx' J , xUiz 
—5 x' + ' 



xS + T/z^ 



(6) 



where p and n are the two light-like vectors defined from the momentum of the unpolarized 
nucleon as P = p + p ■ n = 1 and e^s^pn = ^nvXa^^S'^^p'^rf ~ sin0 with the 

azimuthal angle between the nucleon spin vector and the scattering plane. The invariants 
in the parton level are defined as 

S = {jPa+ PhY — i^'P' + — XX'S, 

i = (j9a -PcY ^ (x'P' - tjzf ~ x'Tjz, 

U = {Pb- Pcf - {xP - zf C:^ XU/ Z, (7) 

and the lower limits for the integration variables are 

-{T + U) 



Xr 



s 

-T/z 



^2 _|_ ^2 



S + U/z' 



x^. 



-U/z 



S + T/z' 



(8) 



Equation (|]) is derived in with the unpolarized gluon distribution G{x) and the partonic 
cross section Adag~>c and Aaab->c- Gf{x',x') is the soft gluon component of the twist-3 
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transversely polarized distribution: 
1 r dX 



GFa{x,x) 



M 



apn 



iXx 



2tt 



{PS\ij''{0)ii 



2^ 



gF'^^{f,n)nAr{^n)\PS), 



(9) 



where esj_apn = ^/MauxS^p'^n'''. Equation @ is derived in with the partonic cross section 
6aab-*c- Ef{x,x) is the soft gluon component of the unpolarized twist-3 distrbution defined 



as 



(10) 



The summation for the flavor indices of GFa{x',x') and EFa{x,x) is to be over u- and d- 
valence quarks, while that for the twist-2 distributions is over u, d, u, d, s, s. Aaab-,c and 
ABag^c can be obtained from the 2 2 diagrams shown in Figs. 1 and 2, respectively. 
Sdab^c is also obtained from diagrams in Fig. 1 but with different spin projection from the 
chiral even case. Because of the chiral-odd nature of 6q{x') and Ef{x, x), they have to form 
a closed Fermion loop together, and accordingly the contribution from the diagrams shown 
in Figs. 1(a) and (b) vanishes. Gluon contribution shown in Fig. 2 is also absent in (|^). 

At large \xf\, one can easily guess the relative magnitude of each diagram shown in Fig.l. 
The gluon propagators in Figs. 1(a), (b), (c) and (d) give rise to the factors 1/t^, 1/m^, 
1/s^ and l/tii. At Xi? — 1, t becomes very small and the hard cross section contribution 
from Fig. 1(a) becomes much larger than the others. At xf — ^ —1 the role of t and u is 
interchanged. By the same reason, the gluon contribution (Fig. 2) also becomes very large. 
Accordingly the hard cross sections for (^) at Xi? ^ — 1 is much smaller than those for (|^). 
For completeness we list the partonic cross sections here. They read 



ab- 



Aa. 



ab^c 



Aa. 



ab—^c 




Sac + 



^ac^bcy 



4 




6, 



be 



Sac + 



-4 ft^ + U 



-4 t 



for the chiral-even one^ and 



5dn 



he + — 



10 1 / V 
27 + 27 ^ + ^, 




^ab^be^ 



^The cross sections listed in eq. (76b) of Ref. [|j is not correct, since some of the color factors in table 
II of [|j is wrong. Numerically, however, the difference between ( |TT| ) and eq.(76b) of ^ is tiny. We thank 
Jianwei Qiu for communication to clarify this point, l^aag^c is given in eq.(76a) of [^|. 
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5a, 



ah- 



6a, 



ab^c 




(12) 



for the chiral-odd one f\. Even though the hard cross section for the chiral-odd term (B) 
is small, the distribution function receives a large enhancement by the derivative of Ef{x, x) 
in (^. Employing a simple model assumption introduced in [0, we shall present a numerical 
estimate of the asymmetry. 

Our model assumption for Gf{x,x) and Ef{x,x) is based on the comparison of their 
explicit form (|]) and ([10|) with the twist-2 distributions 



qa[x) 



Sqaix) 



dX 
— f 

271 



P|V^''(0)#'*(An)|P), 



/ J Ztx 



(13) 



(14) 



We make an ansatz 



Gpaix.x) = KaQaix), 
EFa{x,x) = Ka5qa{x), 



(15) 

(16) 



with a flavor- dependent parameter Ka which represents the effect of the gluon field with zero 
momentum in Gp{x, x) and Ep{x, x). We note that even though Ep{x, x) is an unpolarized 
distribution, the quarks in Ep{x,x) is "transversely polarized". One may interpret that 
these polarized quarks in unpolarized nucleon would be a source of the asymmetry in the 
forward direction of the unpolarized nucleon {xp —1) in (B). 

Following 0, we determine Ku,d to fit the E704 data at xp > 0. Since we are only 
interested in the estimate of order of magnitude, we ignore the scale dependence of each 
distribution and fragmentation function. For the unpolarized distribution qa{x), we use the 
GRV LO distribution at the input scale /i^ = 0.23 GeV^ |11|. For the fragmentation function 
of the pion, we use the one given in at the input scale /i^ = 2.0 GeV^. The result for the 
single transverse spin asymmetry At is shown in Fig. 3 with Ku = —Kd = 0.07. The data is 
reasonablly well reproduced. Using these values for K^^, we calculated the asymmetry At 
ai Xp < region. For the transversity distribution, we use the GRSV helicity distribution 



Aqa{x) (LO, valence scenario) ||T3| assuming 6qa{x) = Aqa{x) at the input scale. The result 
is shown in Fig. 4. For comparison, we also plotted the chiral-even contribution (^ for vr"*", 
although this term is not a dominant contribution among all chiral-even ones at xp < 0. 
For all vr''^'^, it turns out that (^ gives rise to negligible asymmetry, even smaller than a 

'^Sab in the second and third equations in eq.(17) of should be changed into Sat as corrected above. 
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part of the chiral-even contribution in the negative xp region. This is because the hard 
cross section (0) is much smaller than (pH]). 

In the region of large xt with ~ 0, the polarized cross section for (|l]) probes the region 
of x ~ x' ~ 1. Accordingly the valence quark-soft gluon approximation again becomes 
valid. This kinematic region corresponds to T ~ ?7 ~ —S/2 and hence the magnitude of 
each contribution in Fig. 2 becomes comparable. We therefore plotted (^) and (^) in Fig.5 
separately. One sees that even in this region the chiral-even contribution is much larger 
than the chiral-odd one. Experimentally, this region is almost impossible to achieve. 

Another chiral-odd contribution (C) is yet to be analyzed for a complete description of 
the single transverse asymmetry ([l|). The calculation of the hard cross section for this term 
is again reduced to the calculation of 2 — > 2 scattering diagrams shown in Figs. 1 and 2. 
For this case the diagrams shown in Figs. 1 (a) and (b) and Fig. 2 also contribute, and 
hence may cause a large effect to the asymmetry. The analysis of this term will be reported 
elsewhere. 

A different approach to the single spin asymmetry introduces the so-called T-odd dis- 
tribution or fragmentation functions with the intrinsic transverse momentum instead of 
twist-3 distributions introduced here 0, ^, |T3|. Corresponding to (A), (B) and (C), this 



approach starts from the factoriztion assumption for the three types of contributions to 
the asymmetry: (i) fiT{x',p'j_) ® q{x) ® D{z) ® a, (ii) 6q{x') ® hj-{x,Pj_) ® D{z) ® cr', (iii) 
6q{x') ® q{x) ® H^^z, k±) a", where represents distribution of an unpolarized quark 
with nonzero transverse momentum inside a transversely polarized nucleon 0, repre- 
sents distribution of a transversely polarized quark with nonzero tranverse monetum inside 
the unpolarized nucleon and represents a fragmentation function for a transversely 
polarized quark fragmenting into a pion with the transvere momentum 0. Anselmino et al 
fitted the E704 data for the asymmetry assuming the above (i) or (iii) are the sole origin 
of the asymmetry. It is clear from the present study that the second contribution (ii) is 
tiny due to the smallness of the partonic cross section also in this approach. For the low- 
est order Drell-Yan single spin asymmetry, it has been shown that the T-odd function 
and hj- effectively play the role of the soft gluon pole contribution considered here [0. It is 



interesting to explore the connection between the present approach and those in p|, ^, |T^, H. 

To summerize, we have estimated the magnitude of one of the chiral-odd contribution to 
the single transverse spin asymmetry of the hadronic pion production. Due to the smallness 
of the partonic hard cross section, it turns out that this term is negligible in all kinematic 
region. 
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Figure Captions 

Fig. 1 Quark-quark 2^2 scattering diagrams contributing to the hard cross section. 

Fig. 2 Quark-gluon 2^2 scattering diagrams contributing to the hard cross section. 

Fig. 3 The E704 data for the single transverse spin asymmetry At in the inclusive pion 
production in the xp > region at y/s = 20 GeV|p. The transverse momentum of 
the pion is £t = 1-5 GeV. The curves show calculated with the method described 
in the text. 

Fig. 4 Single transverse spin asymmetry At in the inclusive pion production at Xi;' < 0. The 
transverse momentum of the pion is calculated at £r = 1.5 GeV. The curves obtained 
from (^) can not be distinguished from zero for all vr^'*^. The chiral-even contribution 
is also shown by dotted line for vr^ for comparison. 

Fig. 5 Single transverse spin asymmetry At in the inclusive pion production as a fuction of 
xt But xp = 0. Solid and dashed lines, respectively, stand for the contribution from 
(i and (I). 
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